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The Arabidopsis thaliana Chloroplast Proteome
Reveals Pathway Abundance
and Novel Protein Functions
cific and signal-dependent manner. They are of central
importance for cellular metabolism and have many
unique roles in processes of global significance, includ-
ing photosynthesis and amino acid biosynthesis. Chlo-
roplasts are of cyanobacterial origin, but during evolu-
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their genes to the nucleus [1]. To date, only limited infor-Swiss Federal Institute of Technology
ETH Zentrum, LFW E51.1 mation is available on the proteome that constitutes the
chloroplast and its metabolic functions. First attemptsUniversita¨tstrasse 2
CH-8092 Zurich to estimate the protein complement of Arabidopsis thali-
ana plastids by using prediction tools such as TargetPSwitzerland
2 Department of Bioengineering or ChloroP [2, 3] combined with a genome-wide search
for genes of cyanobacterial origin [4–6] resulted in moreUniversity of California, Berkeley
Berkeley, California 94720 than 3000 candidate proteins. Computer-assisted pre-
dictions based on transit peptides are unlikely to reveal
the full chloroplast proteome, however, because import
pathways of currently unknown mechanisms might existSummary
that are not recognizable by available prediction algo-
rithms. Several known mitochondrial and chloroplastBackground: Chloroplasts are plant cell organelles of
cyanobacterial origin. They perform essential metabolic proteins have already been identified that do not follow
the canonical import pathways [7–9].and biosynthetic functions of global significance, includ-
ing photosynthesis and amino acid biosynthesis. Most Proteomics is a powerful tool to reveal the protein
complement of cell organelles and to obtain new in-of the proteins that constitute the functional chloroplast
are encoded in the nuclear genome and imported into sights into intracellular protein sorting and biochemical
pathways. Progress has been made for the proteomethe chloroplast after translation in the cytosol. Since
protein targeting is difficult to predict, many nuclear- analysis of plant mitochondria [10–13], peroxisomes
[14], amyloplasts [15], and chloroplasts [16–20], butencoded plastid proteins are still to be discovered.
Results: By tandem mass spectrometry, we identified most of these studies focused on specific organelle
compartments. Protein identification from the chloro-690 different proteins from purified Arabidopsis chloro-
plasts. Most proteins could be assigned to known pro- plast thylakoid lumen and envelope has greatly improved
the prediction of suborganelle protein localization [17, 19].tein complexes and metabolic pathways, but more than
30% of the proteins have unknown functions, and many We used tandem mass spectrometry (MS/MS)-shotgun
proteomics of chloroplast proteins to develop a map ofare not predicted to localize to the chloroplast. Novel
structure and function prediction methods provided all metabolic and regulatory pathways in Arabidopsis
thaliana chloroplasts. Here, we report 690 proteins thatmore informative annotations for proteins of unknown
functions. While near-complete protein coverage was we identified with high confidence. The prediction tools
TargetP or ChloroP fail to identify the chloroplast loca-accomplished for key chloroplast pathways such as car-
bon fixation and photosynthesis, fewer proteins were tion of many of these proteins. Several of the proteins
have homologs in cyanobacteria, but not in yeast, sup-identified from pathways that are downregulated in the
light. Parallel RNA profiling revealed a pathway-depen- porting their cyanobacterial origin. Analysis of the chlo-
dent correlation between transcript and relative protein roplast proteome therefore suggests that significantly
abundance, suggesting gene regulation at different more evolutionarily conserved proteins are transported
levels. into the chloroplast than previously expected from the
Conclusions: The chloroplast proteome contains many prediction of transit peptides. For some chloroplast met-
proteins that are of unknown function and not predicted abolic functions, the abundance of the identified pro-
to localize to the chloroplast. Expression of nuclear- teins is also reflected by their RNA expression profile,
encoded chloroplast genes is regulated at multiple lev- which therefore provides a novel large-scale measure
els in a pathway-dependent context. The combined of chloroplast biochemical pathways during plant devel-
shotgun proteomics and RNA profiling approach is of opment when combined with proteomics data.
high potential value to predict metabolic pathway preva-
lence and to define regulatory levels of gene expression
Resultson a pathway scale.
Protein Identification, Predicted Localization,Introduction
and RNA Expression Levels
We used purified chloroplasts (for details see Supple-Chloroplasts are typical plant cell organelles that de-
velop and differentiate from proplastids in a tissue-spe- mental Experimental Procedures) for two different pro-
tein fractionation strategies based on multidimensional
chromatography (MDC) of proteins and peptides (strat-*Correspondence: sacha.baginsky@ipw.biol.ethz.ch
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proteins are due to misannotated N termini, these find-Table 1. Prediction of Protein Localization Based on TargetP
ings suggest that organellar protein import and protein
TargetP Prediction Complete Envelope MDC trafficking are more complex than previously antici-
Plastid 376 58 318 pated.
Mitochondria 37 9 28 It is also possible that some of the proteins not pre-
Secretory pathway 49 25 24 dicted by TargetP to localize to the chloroplast were
Any other location 142 39 103 from other cell organelles and not removed during chlo-
Plastid genome 32 6 26
roplast isolation and purification. Most of these proteins
Total 636 137 499 are ribosomal proteins and were found in the preparation
of outer envelope proteins. The envelope membrane isAll proteins identified from the MDC (MDC column) and the envelope
(ENVELOPE column) fractionation strategies excluding contami- in close contact with other cell organelles (e.g., during
nants (Table S2A) were analyzed for their predicted subcellular local- photorespiration [24]) and the cytosol, and the interac-
ization by using TargetP [3] and information retrieved from the MIPS tion of the identified cytosolic proteins with the surface
database (http://mips.gsf.de/proj/thal/). The number of proteins
of the chloroplast envelope might be of biological rele-identified by MS/MS analysis that are encoded in the chloroplast
vance. Additional experiments and functional analysesgenome is shown in the row labeled plastid genome.
are now required to substantiate the envelope associa-
tion of the identified proteins and the biological rele-
vance of potential interactions. For the subsequent anal-
egy one) and enrichment of envelope membrane pro- yses, we therefore focused our efforts on the proteins
teins (strategy two) because envelope and thylakoid identified from the MDC approach. Recent proteome
membrane proteins cannot be separated by MDC (Fig- analyses with Arabidopsis mitochondria and peroxi-
ure S1). Altogether, 690 proteins were identified with somes identified the most abundant proteins of these
high confidence. The MDC approach allowed the exclu- organelles, which provided a reference to assess the
sive identification of 409 proteins, and 148 proteins were level of potential cross contamination [10, 11, 14]. Based
exclusively identified from the envelope fraction, while on these studies, we predict that two proteins in our
133 proteins were identified by both fractionation pro- MDC proteome analysis are more likely to be of peroxi-
cedures (Table 1 lists all identified proteins). We have somal origin, and five are more likely to be of mitochon-
compiled all relevant information on the 690 identified drial origin (Table S2B). This indicates that a potential
proteins into a database that is available at http:// crosscontamination with proteins from these organelles
www.pb.ipw.biol.ethz.ch/proteomics/. is approximately 1% or less.
We determined to which extent TargetP [3] (http:// We performed RNA profiling analyses by using the
www.cbs.dtu.dk/services/TargetP/) predicted the chlo- Arabidopsis ATH1 GeneChip (Affymetrix, Santa Clara) to
roplast localization of the identified proteins. Since most determine if a correlation exists between the chloroplast
of the proteins from the outer envelope membrane do proteins identified by MS/MS and their expression lev-
not contain a transit peptide, we separately analyzed els. The analysis of RNA samples from leaves of the
the TargetP prediction of nuclear-encoded proteins for same developmental stage revealed that approximately
the proteins identified by the two fractionation strategies 65% of the identified proteins were also highly ex-
excluding all putative contaminants (a list of proteins pressed at the RNA level (1000 arbitrary units) (Figure
that are known abundant proteins in other cell organelles 1). Considering the specialized function of the chloro-
and thus potentially not of chloroplast origin is provided plast and the dynamic range of the proteins in the chloro-
in Table S2A; these proteins were excluded from all plast proteome, this correlation between RNA levels and
subsequent analyses). TargetP predicted a chloroplast shotgun MS/MS protein identification provides a useful
localization of only 58 of the 137 envelope proteins, while estimate of protein abundance (Table 2). Based on this
9 proteins were predicted to localize to mitochondria, 25 correlation, we compared the distribution of TargetP-
to the secretory pathway, and 39 to “any other location” predicted chloroplast proteins and nonpredicted pro-
(Table 1). In contrast, TargetP correctly predicted the teins among the five categories of RNA expression levels
chloroplast localization of 318 of the 499 proteins identi- shown in Figure 1. As expected, we found a significantly
fied by the MDC approach. Only 28 proteins were pre- higher proportion of proteins with a chloroplast signal
dicted to localize to mitochondria, 24 to the secretory peptide in the two categories of highest RNA expression
pathway, and 103 to any other location. Considering levels. Proteins without a canonical transit peptide were
TargetP specificity and sensitivity [2], it is likely that the also found in the categories of lower RNA expression
prediction for different subcellular localizations results levels. Since contaminations typically result from abun-
from incorrect negative predictions of true chloroplast dant proteins that are also expressed highly at the RNA
proteins. We cannot exclude, however, that these pro- level, it is therefore unlikely that our identification of
teins are targeted to more than one organelle. Dual tar- chloroplast proteins without a canonical transit peptide
geting has been described for several proteins (reviewed resulted from a systematic contamination of the chloro-
in [23]), and there is currently no evidence that the pub- plast protein fractions with abundant proteins from other
lished list is exhaustive. In this context it is interesting cell compartments.
to note that proteins with homology to components of the
mitochondrial protein import machinery (TIM and TOM)
have been identified from chloroplast envelope mem- Homologies to Cyanobacterial Proteins
It is broadly accepted that during evolution genes werebranes [20]. Although we cannot completely rule out that
some incorrect negative predictions of true chloroplast transferred from the cyanobacterial endosymbiont to
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therefore searched the cyanobacterial (Synechocystis
sp. strain PCC6803) and Saccharomyces cerevisiae
genomes (NCBI GenBank) for the identified chloroplast
proteins that lack a plastid-targeting signal (excluding
plastid-encoded proteins and proteins listed in Table
S2A) to identify those proteins that have a homolog
in cyanobacteria, but not in yeast [5, 6]. The BLAST
homology searches of cyanobacterial and yeast ge-
nomes by using both conservative and more permissive
thresholds (E-value cutoff of e-10 and e-4, respectively)
show a significantly larger fraction of these nonpre-
dicted proteins to have a homolog in cyanobacteria, but
not in yeast, than is typical of Arabidopsis proteins as
a whole (7.4% versus 4.3% at cutoff e-4 and 7.4% versus
3.7% at cutoff e-10; see Figure 2). This result strongly
suggests that the identified proteins are of cyanobacte-
rial origin and imported into chloroplasts without a ca-
Figure 1. Relative RNA Expression Levels of Identified Proteins nonical transit peptide.
The range of average intensities measured for the expression of
genes on the GeneChip was divided into five categories. The number
Functional Assignment of Chloroplast Proteinsof all Arabidopsis genes that gave a presence call on the GeneChip
We assigned the identified proteins to known chloro-was determined for each of the five expression level categories.
The expression levels of proteins identified in our studies (except plast metabolic and regulatory pathways (http://mips.
proteins listed in Table S2A) that are predicted by TargetP to contain gsf.de/proj/thal) based on established functional cate-
a transit peptide (gray bars, CP-TP) were then compared with pro- gories (Tables S3–S5). Most of the proteins with known
teins without a canonical transit peptide (black bars, no CP-TP).
function were found in the categories “metabolism”The numbers of identified proteins are shown for each expression
(173) and “energy” (130), which include proteins withlevel category (x axis) as the percentage of the total number of
functions in amino acid metabolism, carbohydrate me-genes that gave presence calls in the respective expression level
category (y axis). Absolute numbers in each category were as fol- tabolism, and photosynthesis (Table S4). This reflects
lows: Arabidopsis genes with presence calls in 100, 1001; 100- the main function of the chloroplast in cellular energy
500, 6094; 500-1000, 2552; 1000-10000, 3142; and 10000, 203; metabolism and is consistent with known chloroplast
and proteins with a transit peptide versus proteins not predicted by
metabolic activities. We next classified the proteins thatTargetP in 100, 1 versus 4; 100-500, 40 versus 43; 500-1000, 39
were identified from the MDC approach and were notversus 29; 1000-10000, 204 versus 94; and 10000, 64 versus 24.
predicted to localize to the chloroplast by their enzy-
matic function (Figure 3). As expected, the functional
profiles of predicted and nonpredicted chloroplast pro-the nucleus of the eukaryotic progenitor cells. Our pro-
teomics data should indicate how many of these genes teins were similar. The majority of the proteins not pre-
dicted to localize to the chloroplast were of unknownmay encode proteins that are now transported into the
chloroplast without a canonical transit peptide. We function (Figure 3). These data also allowed us to estab-
Table 2. Correlation of Transcript Abundance and Protein Detection for Important Chloroplast Metabolic Functions
Average RNA Proteins
RNA Expression Levels Expression Levels Identified/Proteins SpCd
Pathway of Identified Proteinsa of Pathwayb in Pathwayc Protein/RNA
Total 5275 n/a n/a 0.54
Amino acid 3364 2028 23% (9/40) 0.72
biosynthesis
Calvin cycle 13708 11241 93% (14/15) 0.66
Tetrapyrrole 4787 3439 50% (9/18) 0.25
biosynthesis
Nucleus-encoded 16873 15205 65% (41/63) 0.42
PS membrane
Plastid-encoded n/a n/a 25% (8/32) n/a
gene expression
a Average RNA expression levels of all identified proteins from each pathway. Pathway assignment was done on the basis of the KEGG and
the TAIR databases. Numbers indicate the arithmetic mean of RNA expression levels for proteins from the designated pathway on the
GeneChip. Not applicable (n/a) to plastid-encoded genes.
b Average RNA expression levels of all proteins from each pathway including those that were not identified. Pathway assignment was the
same as described in footnote a. All isoenzymes and orthologs with a chloroplast targeting signal were taken into account. Not applicable
(n/a) to the complete proteome- and plastid-encoded genes.
c Pathway coverage achieved with the proteins identified in this study. Not applicable (n/a) to the complete chloroplast proteome.
d Spearman rank correlation coefficient (SpC) of transcript and protein levels. Protein levels were ranked by the number of identified tryptic
peptides normalized to the molecular weight of the protein (number of tryptic peptides/molecular weight). Not applicable (n/a) to the plastid-
encoded genes.
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The significant number of proteins with unknown func-
tion makes it difficult to assign novel metabolic activities
to the chloroplast. We therefore applied structure- and
function-prediction methods to develop more informative
annotations for proteins of unclassified function [25]. Of
the 141 proteins in this set annotated as expressed, hypo-
thetical, or unknown, we were able to predict a molecular
function and/or 3D structure for at least one domain for
59 (or 42%) by using the bioinformatics approaches
described in the Supplemental Experimental Proce-
dures. We illustrate these predictions for four represen-
tative sequences: At3g14590, At5g62620, At3g23700,
and At5g02180.
Analysis of At3g14590 suggested a potential N-ter-
minal transmembrane domain, followed by two copies
of a calcium binding domain (C2; the second domain
appears to be truncated and possibly degenerate).
At5g62620 has two different domains with related func-
tions, a galectin-3 carbohydrate recognition domain
(CRD) near the N terminus, and a C-terminal domain
from the galactosyltransferase family. The third exam-
ple, At3g23700, has four copies of the S1 RNA binding
domain. Analysis of At5g02180, which was identified in
the membrane fraction, revealed seven putative trans-
Figure 2. Proteins Identified from Chloroplasts, but Not Predicted,
membrane helices. The automatically derived MIPSby TargetP to Localize to the Chloroplast Are Enriched for Proteins
classification predicted this protein to be an amino acidof Cyanobacterial Origin
transporter, which we could confirm by our analysis.Identified chloroplast proteins without a chloroplast transit peptide
We identified 118 proteins with predicted functions(identified proteins; no signal peptide) and all proteins from the
complete Arabidopsis genome (A. thaliana complete) were BLAST- in transport processes (Figure 4A, Tables S3 and S5),
searched against the Synechocystis protein database (GenBank) including the putative amino acid transporter At5g02180.
and the yeast database. Provided is the percentage of proteins from Most of these proteins were identified in the envelope
both groups that have a homolog in Synechocystis (left diagram)
fraction, which would be consistent with their functionsand those that have a homolog in Synechocystis, but not in yeast
in the outer and inner envelope membranes. Of all identi-(right diagram), as identified by BLAST searches by using conserva-
tive (e-10 [gray bars]) and more permissive (e-4 [black bars]) fied proteins, 46 were predicted in silico to localize to
thresholds. the inner envelope membrane [26], and nine of these 46
proteins have putative transport functions. Our pro-
teome analysis confirmed the chloroplast envelope lo-lish the chloroplast localization of an essential step in
calization of these 46 proteins and provides further sup-purine biosynthesis. We identified phosphoribosylfor-
port for the nine predicted transporter proteins in themylglycinamidine synthase (At1g74260), which is pre-
chloroplast envelope membranes. In addition, the chlo-dicted to localize to mitochondria (reliability class 3) in
roplast envelope localization of five of the nine predictedthe chloroplast proteome. Phosphoribosylformylgly-
transporter proteins was recently reported [19]. We alsocinamidine synthase is one of three enzymes that cata-
identified components of the chloroplast protein importlyze the conversion of glycinamide ribonucleotide to
complex (TOC and TIC components and the solubleaminoimidazole ribotide. The two other enzymes are
factors [27, 28]), except for TIC20 and TIC40 (Figure 4 A).predicted to localize to the chloroplast, which strongly
This could indicate that these two proteins are present atargues that these steps in purine biosynthesis occur in
substoichiometric levels compared to the other TIC andplastids. Moreover, phosphoribosylformylglycinamidine
TOC proteins or are, perhaps, not constitutive compo-synthase was also consistently found in BY-2 plastids
(S.B., A. Siddique, and W.G., unpublished data). nents of the import machinery.
Figure 3. Functional Classification of Pro-
teins Not Predicted to Localize to the Chloro-
plast (Not-CP Predicted).
Proteins identified from the MDC approach
were classified by their putative function on
the basis of information available in the MIPS
(http://mips.gsf.de), TAIR (http://arabidopsis.




Figure 4. Identified Proteins from the Protein
Import Machinery and the Calvin Cycle
Identified proteins are depicted in gray and
missing components are white. (A) Except for
TIC 20 and 40, all known components of the
chloroplast protein import machinery were
identified. Abbreviations: OM, outer envelope
membrane; IM, inner envelope membrane. (B)
Important branch points in the schematic de-
piction of the Calvin cycle are highlighted
by a black dot representing the designated
metabolite (http://www.kegg.com). Erythrose
4-phosphate is a precursor for the synthesis
of chorismate of which no enzymes were
identified. Note that some metabolite fluxes
were not depicted. Abbreviations: GAP, glyc-
eraldehyde 3-phosphate; GAP-DH, glyceral-
dehyde 3-phosphate dehydrogenase; DHAP,
dihydroxyacetone phosphate.
Assessment of Pathway Prevalence by Correlation important plastid metabolic activities (Table 2 and Figure
4). Coverage of chloroplast functions was, e.g., 93% forof Transcript and Protein Abundance
The 690 identified proteins represent a cross-section of Calvin cycle enzymes and 65% for nucleus-encoded
photosynthetic electron transport proteins (Table 2). Thethe full chloroplast proteome. Since MS/MS identifica-
tion was biased toward abundant proteins (Figure 1), identified proteins included all enzymes of the Calvin
cycle except for a ribose epimerase, which is also ex-our results most likely reflect the identification of bio-
chemical pathways in the chloroplast that are most ac- pressed at very low RNA levels (Figure 4B). This enzyme
catalyzes the conversion of xylulose 5-phosphate to ri-tive at the developmental stage and growth condition
of the plants used in our experiments. Therefore we bulose 5-phosphate, which is important for the regener-
ation of ribulose 5-phosphate as the primary substratepredicted that our proteomics approach could identify
most, if not all, enzymes of active pathways. Less active for CO2 fixation. The failure to detect ribose epimerase in
our MDC approach suggests that ribulose 5-phosphateor inactive pathways would result in a comparatively
lower coverage of identified proteins. We tested our may be predominantly regenerated from sedoheptulose
1,7-bisphosphate by the concerted action of transke-hypothesis by analyzing the proteins we identified for
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Collectively, we found a positive correlation between
transcript abundance and protein detection for the
amino acid synthesis pathways and the Calvin cycle
(Table 2), resulting in a Spearman rank correlation of
0.72 and 0.66, respectively (Table 2 and Figure S2). The
positive correlation suggests that in photosynthetically
active chloroplasts, these metabolic pathways are regu-
lated primarily at the transcriptional level. This is in con-
trast to the tetrapyrrole synthesis pathway, for which
we could not find a strong correlation between transcript
levels and relative protein abundance (SpC,0.25). Only
a weak correlation was found for nucleus-encoded pro-
teins of photosystems I and II (SpC, 0.42) (Table 2 and
Figure S2). Since tetrapyrrole synthesis is tightly coordi-
nated with the synthesis of photosystem light-harvest-
ing proteins, our results support a view that this coor-
dination is largely controlled by posttranscriptional
processes, which are not fully understood at present
(reviewed in [30]). Similarly, our proteome analysis iden-
tified only 25% of the known proteins involved in theFigure 5. Assessment of Amino Acid Biosynthetic Pathway Preva-
regulation of chloroplast gene expression (Table 2). To-lence
gether, these results may reflect the growth of the plantsDepicted is the enzyme identification coverage for the glutamate
(Glu), glutamine (Gln), arginine (Arg), branched chain (Leu, Ile, Val), at a light condition (100 E) that reduces photodamage-
and aromatic amino acid biosynthetic pathways. Pathway coverage induced repair of photosystem II (reviewed in [31]), and
is defined as the ratio between the number of identified enzymes and the time of harvest (2 hr after the onset of illumination),
all enzymes in the pathway. Information about the enzymes active in
which is most likely before the chloroplasts haveeach pathway was retrieved from the TAIR (http://arabidopsis.org/
reached their full photosynthetic potential.tools/aracyc) and the KEGG (http://www.kegg.com) databases. Only
enzymes with a chloroplast transit peptide were taken into account.
Discussion
tolase and ribose 5-phosphate isomerase, both of which
were identified under our experimental conditions (Fig- Prediction of Pathway Prevalence from Combined
MS/MS Shotgun Proteomics and RNAure 4B).
Coverage of enzymes from amino acid synthesis path- Expression Analysis
The functional categorization of the proteins identifiedways was less complete (only 23%, Table 2). Since gluta-
mate and glutamine synthesis occur in the light while in our MS/MS shotgun chloroplast proteome analysis
suggests that we have found enzymes and other pro-synthesis of aromatic amino acids is downregulated in
the light [29], we investigated pathway coverage (i.e., teins for nearly all known chloroplast photosynthetic
complexes as well as for metabolic and regulatory path-the ratio between the number of identified enzymes and
all enzymes in the pathway) for these metabolic path- ways (Figure 4 and Tables S3–S5). For most of the meta-
bolic pathways, however, we identified only a limitedways in more detail (Figure 5). All enzymes from the
glutamate and glutamine synthesis pathways (100% number of their enzymes, although the activity of the
pathways has been demonstrated in different plastidpathway coverage) were identified suggesting that they
are most active during photosynthesis (Figure 5). Sev- types. In combination with RNA expression profiling, the
information compiled in the list of identified proteinseral enzymes from the branched chain amino acid and
arginine synthetic pathways were identified, but path- and their distribution over metabolic pathways therefore
provides useful information about the prevalence of spe-way coverage was less complete (below 50%, Figure 5).
No enzyme was identified for the synthesis of aromatic cific metabolic pathways in chloroplasts under specific
experimental conditions (Table 2). We believe that com-amino acids. Aromatic amino acids are precursors for
a large variety of secondary metabolites, many of which bining RNA expression profiling and MS/MS shotgun
proteomics can contribute to new insights into regula-are involved in stress responses. Their synthesis is in-
duced during stress and is usually not detectable under tory levels of gene expression on a large scale, as we
have demonstrated for five essential chloroplast func-normal growth conditions [29].
Pathway prevalence as suggested by pathway cover- tions (Table 2). Analysis of amino acid synthesis in yeast
already showed that metabolic pathways were regu-age is also well reflected at the RNA expression levels,
which are highest for enzymes in the glutamate, gluta- lated in a concerted fashion at the transcriptional level
during adaptation from rich to minimal growth mediamine, and branched-chain amino acid synthesis path-
ways and lowest for the aromatic amino acid synthesis [32]. Our results suggest that expression of amino acid
synthesis and Calvin cycle enzymes is largely regulatedpathways. For a general assessment of the correlation
between transcript and relative protein abundance, we at the transcriptional level as well under our experimen-
tal conditions (Table 2 and Figure S2). The correlationcalculated the Spearman rank correlation for important
chloroplast metabolic functions (Table 2, last column). between transcript levels and protein detection does
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not extend to all chloroplast functions, as was the case [3] (http://www.cbs.dtu.dk/services/TargetP/). With the
for tetrapyrrole synthesis and photosystem complexes. current prediction sensitivity of TargetP, we now esti-
Our results are consistent, therefore, with reports that mate that the Arabidopsis plastid proteome is com-
suggest a complex regulation of enzymes in the tetrapyr- prised of approximately 3800 proteins. This number rep-
role pathway that involves both transcriptional and post- resents a theoretical proteome, which includes proteins
transcriptional mechanisms ([33], reviewed in [30]). of all plastid differentiation states (e.g., etioplast, amy-
loplast, chromoplast, etc.). The chloroplast proteome
would comprise only a fraction of these 3800 proteinsMDC-MS/MS Shotgun Proteomics and Structure
that reflect chloroplast-specific functions. A comparisonPredictions Facilitate Functional Annotation
of the chloroplast proteins reported here with the mostof Chloroplast Proteins
abundant proteins from undifferentiated tobacco BY-2The analysis of the chloroplast proteome reported here
plastids revealed only approximately 50% overlap,has produced one of the most comprehensive protein
which supports this view (S.B., A. Siddique, and W.G.,lists for a cell organelle available to date. Our strategy
in preparation). Clearly, the complete plastid proteomefocused on the identification of as many Arabidopsis
can only be revealed through analysis of all plastid differ-chloroplast proteins as possible without fractionating
entiation states under different environmental and ex-the organelle into specific subproteomes. A comparison
perimental conditions. Given the differentiation capacityof our strategy with recent reports of proteins identified
of higher plant plastids, it is currently difficult to estimatefrom isolated thylakoid lumen fractions [17, 18] and en-
the percentage that our protein identification representsvelope membranes [19, 20] shows that our MDC-cou-
of the chloroplast proteome. In theory, our MDC-MS/pled MS/MS shotgun proteomics is equally sensitive
MS shotgun proteomics approach should allow for theand results in a similar coverage of identified protein.
detection of proteins that are present at 42 copies perTwo of these reports suggested, however, that specific
chloroplast, assuming a detection limit of 20 fmol withenrichment and extraction of hydrophobic membrane
2.9  108 chloroplasts in each experiment. Proteinsproteins from chloroplast envelope membranes were
present at a lower copy number would be difficult tonecessary to significantly improve the identification of
detect, although the threshold for each protein dependsmembrane proteins and novel transporters in the chloro-
on several parameters, including intrinsic peptide char-plast envelope [19, 20]. Although our strategy did not
acteristics and complexity of the protein sample.identify all of the published envelope proteins, we found
From an evolutionary perspective, the complete chlo-several new proteins in the envelope fraction that are
roplast proteome could also provide new insights intopotential transporters located in the outer envelope
the extent of gene transfer between the endosymbiontmembrane. Among these are two ABC transporters
(organelle) and host cell. A GenBank search with all(At1g15210 and At1g59870, Table S1) that have also
identified proteins not predicted by TargetP to localizebeen predicted in silico to localize to the envelope mem-
to the chloroplast revealed already that 7.4% of theirbrane [26]. Together, our MDC-coupled MS/MS shotgun
genes have homologs in Synechocystis, but not in yeast,protein identification strategy significantly expanded the
suggesting that during evolution these genes werenumber of proteins identified from chloroplasts. In com-
transferred from the cyanobacterial endosymbiont ge-bination with bioinformatics analysis and structure pre-
diction tools (see Results and Supplemental Experimen- nome to the nuclear genome of the plant cell. This per-
tal Procedures), we were able to develop a more centage is significantly higher than would be expected
informative annotation for “hypothetical” proteins in rel- from a random search of cyanobacterial gene homologs
evant databases. Although our proposed annotations in the Arabidopsis genome (approximately 4%) and rein-
are still preliminary, they demonstrate that extraction of forces our view that many more proteins without a pre-
protein sequences by MDC-coupled MS/MS shotgun dicted transit peptide are imported into the chloroplast,
proteomics coupled with structure- and function-pre- possibly via novel import mechanisms.
diction tools is a useful and efficient approach to facili-
tate and improve functional annotations.
Conclusions
We report here the most comprehensive list of proteinsChloroplast Proteome Analysis Offers New
identified from chloroplasts to date. A full descriptionInsights into Organelle Evolution
of the chloroplast proteome is important to understandOrganelle proteome analysis offers the opportunity to
chloroplast biogenesis and metabolism. The identifica-define the protein complement of entire cell compart-
tion of proteins that cannot be predicted in silico toments and to improve prediction tools for protein local-
localize to the chloroplast supports the view that proteo-ization. The identification of a large number of proteins
mics with cell organelles is perhaps the only reliableestablishes an important basis to gain new insights into
way to provide information about protein sorting andprotein sorting and import, as well as the apparent com-
pathway compartmentalization on a large scale. Whenplexity of the proteome. For example, after subtracting
combined with metabolite profiling, the proteome andfrom our list of proteins all proteins identified from the
RNA expression analysis reported here can be devel-envelope membrane fraction (some envelope proteins
oped into a valuable systems approach strategy to gaindo not contain a predictable transit peptide), plastid-
new insights into the metabolic and regulatory networksencoded proteins, and all potential contaminants (Table
that control plastid and ultimately plant cellular func-S2A), only 67% of the remaining proteins are predicted
to localize to the chloroplast by available prediction tools tions.
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